Introduction
[FeFe]-hydrogenases, named HydA, are unique biocatalysts for the interconversion between protons and dihydrogen [1] . These metalloenzymes display extremely large catalytic reaction rates at very low overpotential. As a consequence, they have been well studied from structural and mechanistic perspectives [2] [3] [4] . Furthermore they are considered as potential alternative catalysts to noble metals for the development of novel bio-fuel cells and bio-electrolyzers as well as bio-photoelectrochemical cells [5] [6] [7] [8] . These green technological electrochemical devices might contribute to solve the energy storage issue linked to the intermittency of renewable energies such as solar and wind energies. A large number of studies have thus been devoted to the investigation of the electrochemical behavior of these enzymes at carbon-based surfaces as well as in combination with semiconducting materials in order to optimize bio-electrodes or biophotoelectrodes [9, 10] . These enzymes display remarkable electrocatalytic activity for proton reduction into H 2 but also suffer from extreme oxygen sensitivity [11] [12] [13] [14] [15] . Finally, spectroscopic and structural studies provide a knowledge that is extensively exploited by synthetic chemists for the preparation and development of bioinspired catalysts, mimicking the unique diiron active center of these enzymes [16, 17] .
[FeFe]-hydrogenases indeed rely, for activity, on a complex inorganic site, consisting of an organometallic dinuclear Fe subunit, named 2Fe-subcluster, in which the two Fe atoms are bridged by an aza-propanedithiolate (adt 2-) ligand and the coordination sphere is completed by CO and cyanide ligands [18] . This diiron complex is linked to a [4Fe-4S] cluster via a sulfur atom of a cysteine residue. This active site, thus containing 6 Fe atoms and named the "Hcluster", is buried inside the protein but is connected to the surface of the protein, for electron transfer, in most cases via an array of iron-sulfur [FeS] clusters ( Figure 1) . Interestingly, the number of accessory [FeS] clusters varies from one enzyme to another. For example, HydA from Clostridium pasteurianum [19, 20] contains one [2Fe-2S] and three [4Fe-4S] clusters, HydA from Desulfovibrio desulfuricans [21] harbors two [4Fe-4S] clusters while HydA from the green algae Chlamydomonas reinhardtii [22] has no accessory [FeS] clusters. Biomolecular studies on [FeFe]-hydrogenases are unfortunately limited by the fact that these enzymes are difficult to prepare. First, they have to be purified and manipulated only under strict anaerobiosis. Second, their maturation, the process by which the [FeS] clusters and the 2Fe-subcluster are synthesized and assembled, depends on complex and specific protein machineries. In particular, the system involved in the biosynthesis of the 2Fe-subcluster is still incompletely characterized [23] . Three enzymes are participating in the biosynthetic pathway.
HydG and HydE are S-adenosyl-L-methionine enzymes. HydG has been shown to produce an {Fe-(CO) 2 (CN)} synthon that is the first intermediate towards the 2Fe-subcluster [24] . HydE is proposed to participate in the synthesis of the adt 2ligand through an as yet unknown mechanism. HydF, is a GTPase that binds a [4Fe-4S] cluster and serves as a scaffold/carrier protein for assembly of a precursor of the 2Fe-subcluster of HydA. Transfer of the latter to HydA, containing the [Fe-S] clusters but lacking the 2Fe-subcluster, produces a fully active hydrogenase. The three proteins are absent from Escherichia coli which is the bacterial expressing system, very widely used for recombinant protein preparation [1, 25] . As a consequence few [FeFe]-hydrogenases have been purified to homogeneity and only three have been structurally characterized [19] [20] [21] [22] . There is thus a need to get easier access to more members of that class of enzymes.
Recently, we discovered that recombinant [FeFe]-hydrogenases can be prepared anaerobically in an inactive form containing only the [FeS] clusters and subsequently fully maturated by reaction with the synthetic [Fe 2 (adt)(CO) 4 (CN) 2 ] 2biomimetic complex [26, 27] .
The resulting active site has been shown to display EPR and FTIR characteristics identical to those of the naturally maturated enzyme, as illustrated in the case of CrHydA1 from Chlamydomonas reinhardtii. In case of HydA from Clostridium pasteurianum the definitive confirmation that the chemically synthesized active site was identical to the biosynthesized one came from the observation of a remarkable identity of the two three-dimensional structures [28] .
This synthetic maturation methodology has already led to a number of very interesting applications which would have been otherwise unreachable, such as specific labeling of the active site or preparation of artificial hydrogenases [4, [29] [30] [31] [32] [33] .
Here, we go a step further towards the facile preparation of active hydrogenases in large amounts from standard E. coli strains lacking the HydEFG machinery. We show that it is sufficient to express the corresponding gene in E. coli, purify the apoprotein aerobically and activate it chemically, simply via, first, incorporation of the [FeS] clusters by treatment with iron and sulfide and, second, incorporation of the 2Fe-subunit by reaction with the [Fe 2 (adt)(CO) 4 (CN) 2 ] 2complex, anaerobically. This methodology is illustrated here with the preparation of HydA from the fermentative anaerobic rumen bacterium Megasphaera elsdenii.
This enzyme, named MeHydA hereafter, has been previously isolated from a M. elsdenii strain but only partially characterized in the 1980's, when the structure of these enzymes was not yet known [34] [35] [36] [37] . In this report, we provide a straightforward method for preparing a highly active hydrogenase. Furthermore we provide the first full characterization of MeHydA using EPR and FTIR spectroscopy.
Finally, up to now only two [FeFe] hydrogenases, HydA from Desulfovibrio desulfuricans (DdH) and from C. reinhardtii (CrHydA1), have been thoroughly studied for their redox behavior [38] [39] [40] [39, 40] . In the current study, we also report, for the first time, the redox behavior of MeHydA.
MATERIALS AND METHODS

Expression and purification of apo-MeHydA
TunerDE3pLysS cells transformed with the pT7-7-6HMeHydA plasmid [41] were grown in For each sample, the Fe and S content was determined 3 times for 2 different protein concentrations according to the methods of Fish [44] and Beinert [45] , respectively. (Et 4 N) 2 [Fe 2 (adt)(CO) 4 (CN) 2 ], was prepared as previously described [27, 46] . 
In vitro [4Fe-4S] clusters reconstitution of apo-MeHydA
In vitro maturation of FeS-MeHydA for FTIR and EPR measurements
In vitro maturation of FeS-MeHydA for H 2 production
H 2 production was determined according to published procedure [26] by using methyl viologen as electron mediator and sodium dithionite as reducing agent. Briefly, holo-MeHydA (5−10 µL) corresponding to 20 pmol of hydrogenase was added to a total amount of 1.11 mL of 100 mM potassium phosphate, pH 6.8, 100 mM sodium dithionite, and 10 mM methyl viologen in a 10 mL vial sealed under anaerobic conditions (rubber stoppers, Carl Roth). In a second test a 10fold excess of synthetic complex was added to monomeric FeS-MeHydA (2-3 µM), the mixture was incubated for 1 h at room temperature and the samples were used immediately for activity tests, as described above. A gas chromatogram was recorded on a GC System (Shimadzu GC-2014 with a thermal conductivity detector and a Quadrex column) and the amount of H 2 was quantified using a calibration curve. [Fe 2 (adt)(CO) 4 (CN) 2 ] 2and FeS-MeHydA were assayed as controls and did not show any activity. All activities in this study were measured at least 3 times on 3 different protein preparations.
FTIR and EPR analysis: isolation of H ox , H red and H ox -CO states.
After FeS-MeHydA maturation with (Et 4 N) 2 Q-band EPR spectra were recorded using free induction decay (FID) detected EPR with a microwave pulse length of 1 µs. All pulse experiments were performed on a Bruker ELEXYS E580 Q-band spectrometer with a SuperQ-FT microwave bridge and home built resonator described earlier [47] . Cryogenic temperatures (10-20 K) were obtained by an Oxford CF935 flow cryostat. For the interpretation of all EPR experimental data, a home written simulation program (based on the EasySpin package [48] ) in MATLAB™ was used.
RESULTS AND DISCUSSION
Purification of the MeHydA and iron-sulfur clusters reconstitution.
Expression of the MeHydA-encoding gene in E. coli resulted in a large production of soluble recombinant protein. As the protein is His-tagged, it could be purified to homogeneity with only two chromatographic steps (Figures S1). After a His tag affinity column and a gel filtration step using a Superdex S200 chromatographic column the protein was purified to homogeneity and was finally concentrated to 5-7 mg/ml. Overall 10-15 mg of MeHydA could be obtained from 1 L of culture. All the purification procedures were carried out aerobically. mercaptoethanol and dithiothreitol (DTT) were needed in the buffers in order to limit the formation of oligomers, certainly via disulfide bridge reduction. While a very small amount of iron was detected in this preparation the protein was mainly in the apo form and was named apo-MeHydA. To incorporate the iron-sulfur clusters in apo-MeHydA, a standard protocol was used, consisting of the anaerobic incubation of the protein with an excess of iron ammonium sulfate and cysteine in the presence of DTT. The reaction was initiated by addition of catalytic amounts of CsdA, a cysteine desulfurase, and monitored by light absorption spectroscopy since [FeS] clusters display a characteristic charge-transfer absorption band at 410 nm (Figure 2A and S2 ).
Gel filtration provided evidence for the formation of large oligomers ( Figure S3A ), which were shown to be enzymatically inactive. Only the low-molecular weight protein fraction was collected and further characterized. While the elution volume of apo-MeHydA (13.7 mL) and
reconstituted MeHydA (named FeS-MeHydA, 14.7 mL) were different ( Figure S3B ), both were shown to be monomers by static light scattering in batch mode to assess molecular weights using the Zimm equation and the Debye plot ( Figure S3D ). As a consequence, after [FeS] cluster reconstitution of MeHydA, the elution volume increased due to a change of the conformation of the protein, likely becoming more compact. 
Synthetic maturation
Applying the methodology recently reported [26] , we next reacted FeS-MeHydA with an excess of the synthetically prepared diiron biomimetic complex [Fe 2 (adt)(CO) 4 (CN) 2 ] 2for one hour anaerobically and then purified the protein by desalting (NAP 10) in order to remove the excess of the mimic. Evidence for maturation of the protein, thus named holo-MeHydA, was obtained by enzymatic assay. Using a standard assay based on the reduction of protons by dithionite/methyl viologen and quantification of dihydrogen by gas chromatography, we showed that holo-MeHydA was highly active. A specific hydrogenase activity of 600 ± 50 µmol H 2 .mg -1 .min -1 , that corresponds to a TOF of 550 turnovers per second (MW 54.5 kDa), was obtained for holo-MeHydA. In the presence of an excess of the mimic, the measured hydrogenase activity was lower by ~33% (400 ± 50 µmol.mg -1 .min -1 ), possibly because of release of CO, an enzyme inhibitor, from the mimic in excess. An activity of 400 µmol H 2 .mg -1 .min -1 , for native MeHydA has been reported [34] .
FTIR and EPR spectroscopic characterization of the active site
In order to confirm that the H-cluster has been assembled correctly but also to provide a full characterization of active M. elsdenii HydA, we used Fourier Transform Infrared (FTIR) spectroscopy for characterization ( Figure 3A , Table 1 ). FTIR is appropriate for identifying the CO (1800-2020 cm -1 ) and CN (2040-2100 cm -1 ) vibrations associated with the CO and CNligands present in the 2Fe-subcluster [18] . These signals can be clearly distinguished from those of the [Fe 2 (adt)(CO) 4 (CN) 2 ] 2complex in solution which are much broader ( Figure 3A, top) [27] .
The narrow CO and CN FTIR bands of the H-cluster allow differentiating between the various states usually coexisting in hydrogenase preparations. The paramagnetic states of the H-cluster (as well as the [4Fe-4S] 1+ clusters in the unmaturated enzyme) were also studied using EPR.
In the as-isolated sample (after chemical maturation), a mixture of mainly H ox and H ox -CO states, all expectedly containing a CO bridge revealed by the 1803/1804 cm -1 feature, is observed. Under synthetic maturation, the supernumerary CO is released from the complex [Fe 2 (adt)(CO) 4 (CN) 2 ] 2resulting in a substantial amount of the H ox -CO state. This signal is also often present in [FeFe]-hydrogenase preparations due to the so-called ''cannibalization process'' in which the CO ligands, from light-or oxygen-damaged H-clusters, are released and captured by H-clusters that are still intact [30, 38, 51] . Additional CO is "leaking" from the excess binuclear complex present in the maturation buffer further increasing the H ox -CO population ( Figure 3A) . To obtain a pure CO inhibited state, the sample was flushed for 20 minutes with CO gas. The FTIR spectrum is shown in Figure 3A and is in good agreement with previously obtained data from different [FeFe]-hydrogenases ( Table 1) . The H ox -CO state can be converted to the H ox state by flushing the sample with argon gas for 1 hour. The FTIR spectrum presented in Figure 4A again shows the typical signals of the H ox state (see Table 1 ) with a small contamination of H ox -CO and H red . Finally, upon reduction, H ox is converted into the H red state, It turns out that MeHydA cannot be fully reduced by H 2 flushing, thus additional sodium dithionite treatment (5-10 mM) was needed (see Figure S4 ). The FTIR signature of MeHydA-H red and
DdH-H red are very similar but different from Cr-HydA1-H red which still contains a bridging CO ligand. Instead the H red state in bacterial [FeFe] hydrogenases has an FTIR spectrum resembling that of CrHydA1-H sred (see Table 1 ). It should be noted that before the present work, an FTIR spectrum of HydA isolated from M. elsdenii was reported [52] . However, while some (not all) CO vibrational features characteristic of H ox and H red were present, no CN vibrations could be observed. This raises uncertainties regarding the relevance of these data. Figure 3B shows the EPR spectra of the oxidized forms described above. Table 1 and 
CONCLUSIONS
We present a very efficient method for producing an [FeFe]-hydrogenase by heterologous expression in E. coli of the structural gene, aerobic purification in two steps, chemical reconstitution of [FeS] clusters and subsequent chemical maturation with a synthetic organometallic active site mimic. Straightforward high-yield aerobic purification affords the apoenzyme without any metallic cofactors. Subsequent reconstitution of the (oxygen sensitive)
[4Fe-4S] clusters is carried out chemically from iron salt and sulfide under anaerobic conditions.
We show in the case of MeHydA that this is efficient even for the case of a protein containing three [4Fe-4S] clusters. Treatment with the [Fe 2 (adt)(CO) 4 (CN) 2 ] 2mimic complex completes the activation process, as it generates a fully assembled catalytically competent H-clusterincluding the 2Fe-subcluster. In the case of MeHydA this procedure is highly efficient since we obtain for this enzyme a high specific activity (600 µmol H 2 .mg -1 .min -1 ). FTIR and EPR spectroscopic characterization confirms that the redox states of the MeHydA enzyme are very similar to the bacterial [FeFe] hydrogenases from D. desulfuricans and C. pasteurianum. With this proof of concept we hope that this methodology can be applied to other hydrogenases from other living organisms for large scale production of an active enzyme. It is one of the many possible applications of the discovery that simple chemical reactants, iron and sulfide as well as [Fe 2 (adt)(CO) 4 (CN) 2 ] 2-, can fully replace the complex metallocofactor biosynthetic machineries within the same hydrogenase, the [FeS] cluster assembly machinery and the HydEFG machinery, respectively.
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